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ABSTRACT
Solar flare ribbons provide an important clue to the magnetic reconnection process and associated magnetic field topology in
the solar corona. We detected a large-scale secondary flare ribbon of a circular shape that developed in association with two
successive M-class flares and one CME. The ribbon revealed interesting properties such as 1) a quasi-circular shape and enclosing
the central active region; 2) the size as large as 500′′ by 650′′ , 3) successive brightenings in the clockwise direction at a speed
of 160 km s−1 starting from the nearest position to the flaring sunspots, 4) radial contraction and expansion in the northern
and the southern part, respectively at speeds of ≤ 10 km s−1. Using multi-wavelength data from SDO, RHESSI, XRT, and
Nobeyama, along with magnetic field extrapolations, we found that: 1) the secondary ribbon location is consistent with the field
line footpoints of a fan-shaped magnetic structure that connects the flaring region and the ambient decaying field; 2) the second
M2.6 flare occurred when the expanding coronal loops driven by the first M2.0 flare encountered the background decayed field.
3) Immediately after the second flare, the secondary ribbon developed along with dimming regions. Based on our findings,
we suggest that interaction between the expanding sigmoid field and the overlying fan-shaped field triggered the secondary
reconnection that resulted in the field opening and formation of the quasi-circular secondary ribbon. We thus conclude that
interaction between the active region and the ambient large-scale fields should be taken into account to fully understand the entire
eruption process.
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1. INTRODUCTION
Flare ribbons are one of the representative signatures of
solar flares and are now recognized as chromospheric foot-
points of coronal loops that experienced magnetic reconnec-
tion (Sturrock 1968). Ribbons are detected as elongated
bright structures in almost all wavelengths of the solar spec-
trum, most noticeably in the Hα and ultraviolet passbands.
Their emission is explained by the precipitation of accelerated
particles from the reconnection site and the thermal conduc-
tion from flaring coronal loops (Fletcher & Hudson 2001).
Based on morphological and dynamical studies of flare rib-
bons, important information on both magnetic reconnection
and the involved topology of the magnetic field can be ob-
tained.
The typical appearance of flare ribbons is a pair of two par-
allel threads, so called two-ribbon structure, which are fre-
quently associated with eruptive flares that are mostly long
durational events. The two-ribbon structure shows exten-
sion of brightening along the ribbon axis as well as appar-
ent separation from each other in time. These phenomena
are well explained in terms of magnetic reconnection between
opposite directed open fields in an X-shaped null-point con-
figuration used in the standard flare model (CSHKP model;
Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp &
Pneuman 1976). As reconnection between the merging open
fields proceeds, the height of the reconnection site increases
and thus the field lines in greater distance go through the re-
connection resulting in apparent separation of flare ribbons
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farther away from each other (Kopp & Pneuman 1976).
Another type of a flare ribbon that is recently actively stud-
ied is a circular flare ribbon (Masson et al. 2009). This type of
a ribbon shaped as a closed curve is explained in terms of 3-
dimensional (3D) null-point reconnection with the magnetic
field topology of a fan surface and spines (Lau & Finn 1990;
Pontin & Galsgaard 2007). This 3D reconnection involves fan
and spine-reconnection, as well as a hybrid, so called spine-
fan reconnection (Priest & Pontin 2009). In addition, de-
pending on the driver, torsional reconnection is also suggested
(Pontin & Galsgaard 2007). Such phenomena involve a para-
sitic polarity surrounded by opposed polarity fields resulting
in the circular shape of the polarity inversion line. The main
observational signatures of circular flare ribbons are bright-
enings at the foopoints of the fan-shaped field lines as ob-
tained from field extrapolations based on either potential or
non-linear force-free field (NLFFF) models, and the sequen-
tial brightening propagating along the ribbon. Masson et al.
(2009) reproduced this pattern of the sequential brightenings
in their magnetohydrodynamics (MHD) simulations with an
asymmetric fan configuration in terms of field slippage to-
ward the null-point prior to the spine-reconnection. Due to
the slower (sub-Alfve´nic) slippage speed of the field lines that
are farther away from the null-point compared to the faster
(super-Alfve´nic) slippage of the closer field lines, the recon-
nection of the farther lines takes place later thus resulting in
delayed brightenings at footpoints of the remote field lines.
The concept of quasi-separatrix layers (QSLs) is frequently
used to interpret flare events with a complex ribbon struc-
ture. The QSL is defined as a narrow volume across which
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2the connectivity of the magnetic field drastically changes and
the electric current is thus enhanced although the field is still
continuous (Priest & De´moulin 1995; De´moulin, Priest, &
Lonie 1996; De´moulin et al. 1996). The concept of QSLs
was first proposed by Priest & De´moulin (1995) in order to
explain magnetic reconnection in a magnetic topology with-
out true separatrices. According to Priest & Forbes (1992)’s
suggestion, in a 3D magnetic reconnection without separatri-
ces, magnetic field lines should slip along each other within
a certain layer that was further developed into a QSL. Com-
plex deformation of QSLs and thus complex current layers
are expected to easily occur in a case, for example, when one
quasi-connectivity domain is expanded and the other domain
is shrunk by the boundary motions (Aulanier et al. 2006).
Recently, Zhang et al. (2014) studied 10 X-class flares and
found that 11 flares revealed multiple flare ribbons indicating
a complex reconnection process rather than the standard flare
model reconnection. By classifying those multiple flare rib-
bons into two types, these authors firstly introduced a term
secondary flare ribbons, that are characterized by weaker in-
tensity than that of the normal flare ribbons, absence of as-
sociated post-flare loops, and a short lifetime. Although the
morphology of each secondary flare ribbon was not subject of
their study, the sample images they provided showed that ob-
served secondary flare ribbons are either two-ribbon or single
arc shaped. A large-scale secondary magnetic reconnection
near the QSL driven by the initial reconnection of the main
flare and/or by the flare blast waves was suggested as their
formation mechanism.
In this study we present data on formation of a large-scale
flare ribbon of a quasi-circular shape. Based on the observed
characteristics of the ribbon that are similar to those reported
by Zhang et al. (2014) except for the lifetime, we identified
this ribbon as a “quasi-circular secondary ribbon (QCSR)”.
This ribbon appeared in association with two subsequent M-
class flares and a halo coronal mass ejection (CME). Re-
lated observed events such as loop expansion, plasma ejec-
tion, coronal dimming, etc. were well detected by the So-
lar Dynamics Observatory (SDO; Pesnell et al. 2012) instru-
ments in addition to the ribbon development. We analyzed
dynamical properties of these observed phenomena in order
to understand the entire eruption process and the formation
mechanism of the secondary flare ribbon.
2. OBSERVATIONS AND DATA ANALYSIS
NOAA active region (AR) 12371 located at (-220′′, 158′′)
on 2015 June 21 was the only flare productive AR near the
disk center during our time of interest (Figure 1). During the
disk passage from June 16 to 27, this AR produced six M-
class and over 30 C-class flares among which the M7.9 flare
was the strongest. On June 21, the AR produced two M-class
flares within one-hour time interval. The first M2.0 flare, re-
ferred to as Flare I hereafter, started at 01:02:00 UT and the
M2.6 flare (Flare II), started at 02:06:00 UT. These flares are
focus of our attention because of their dynamic evolution as
successive events and their intriguing observational biprod-
ucts, such as a halo CME and a strikingly large, QCSR partly
enclosing the flaring AR.
We utilized SDO Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) EUV data to study the overall process
of AR eruption including the two flares and one halo CME.
The SDO/AIA uninterruptedly provides full-disk images of
the transition region and the corona in multiple spectral chan-
nels with high spatial resolution of 1.5 arcsec and temporal ca-
dence of 12 second. Among seven extreme ultraviolet (EUV)
channels, we used the 193 A˚ (1.58 MK, 20 MK), 131 A˚
(0.40 MK, 10.00 MK, 16 MK) and 171 A˚ (0.63 MK) data to
analyze temporal changes in coronal structures driven by the
flares, and the 304 A˚ (0.05 MK) data for QCSR studies. To
identify and trace the temporal evolution of the normal two-
ribbon structure, we used the AIA 1600 A˚ (0.1 MK) data. The
X-ray data captured by the Geostationary Orbiting Environ-
mental Satellites (GOES) and Reuven Ramaty High Energy
Solar Spectroscopic Imager (REHSSI; Lin et al. 2002) were
also used to examine the temporal change of energy release
during flares.
We used the solar surface magnetic field data from the
SDO/Helioseismic and Magnetic Imager (HMI; Schou et al.
2012), in particular, the Space weather HMI Active Region
Patches (SHARP) vector magnetogram data series (Hoek-
sema et al. 2014; Bobra et al. 2014) for NLFFF extrapolations.
We carried out two types of extrapolations, one is based on a
potential field approach and the other on a NLFFF method.
The region of interest includes a single AR surrounded by
wide areas of background decayed fields, and hence the re-
gion of interest is too wide to be reconstructed by most of
the existing NLFFF extrapolation techniques. The potential
field approximation not only saves the computational time but
also gives reasonable physical insights into the structure of
the large-scale coronal field. For this purpose we used the
potential-field source-surface package (PFSS; e.g., Schatten
et al. 1969) available through the SolarSoftware (SSW). Pre-
computed PFSS models with a 6-hour sampling are available
via download through the SSW, and these models are cal-
culated using the scheme described on Schrijver & DeRosa
(2003). In this study, we utilized a 01:00:00 UT PFSS
model on June 21, a few minutes before the flare I. We also
used the NLFFF model developed by Jiang & Feng (2012)
to reveal the nonpotential nature of the flaring region. The
model is based on an MHD relaxation method and the space-
time conservation-element/solution-element method, and it
has been improved by Jiang & Feng (2013) to be able to run
real solar data.
3. RESULTS
3.1. Overall description of the active region
NOAA AR 12371 displayed a complex magnetic field con-
figuration (Figure 1), with its leading sunspot consisting of a
single negative magnetic polarity, and the trailing part con-
sisting of multiple spots with mixed magnetic polarities that
resulted from emergence of satellite polarities inside the main
bipole. These trailing spots share the same penumbral struc-
ture (upper-right panel), making it a δ-sunspot. NOAA AR
12371 was located at the polarity inversion line of the back-
ground field. This made the negative polarity of the AR be
the parasitic polarity situated inside the surrounding positive
polarity. Such magnetic configuration is favorable for the so
called fan-spine topology of the coronal magnetic field.
SDO/AIA coronal images show presence of an inverse-S
sigmoid structure (lower-left panel) inside the AR. Note that
the existence of a sigmoid in an AR is considered to be a
precursor of a possible eruption. The core of this sigmoid,
seen as dark threads in the AIA 193 A˚ image, connects oppo-
site polarities of the δ-sunspot and is observed as a compact,
bright thread in the Hinode/XRT image (lower-right panel).
The outer part of the sigmoid is less intense and relatively dif-
fused. Also, it seems to be composed of two sets of J-shaped
3loops. The loops in the lower part of the sigmoid are connect-
ing the positive polarity of the δ-spot, P1, and the negative
polarity of the leading spot, N1. This indicates the field con-
nectivity between P1 and N1 is on a larger scale compared to
the main sigmoid field connecting P1 and N2. Those loops
are also visible in the AIA 193 A˚ image.
3.2. Magnetic field structure of the active region and its
neighborhood background
It is worth examining the underlying magnetic field topol-
ogy to understand the consecutive activities that ensued in this
AR. The upper and lower-left panels of Figure 2 show the
PFSS model plotted over an HMI magnetogram (left panels)
and the AIA 304 A˚ data (upper-right panel). Closed field
lines are plotted in white color and open field lines are in
green. As it follows from the PFSS model, the magnetic field
lines rooted at N2 in general are of a fan-spine shape with the
inner-spine anchored at N2. The field lines fanning out east-
ward are mostly connected to P1 and those fanning out west-
ward are mainly rooted at dispersed background field. The
fan-shaped field lines are bounded by open field lines (green)
at the northern and western side (upper-right panel). Some
of these open field lines are bending inward and converge to
form an outer-spine-like structure. The footpoint of the outer
spine is not distinguished in this model, and possibly due to
the large scale of the studied system so that it may be located
beyond the FOV, or the outer spine may be an open field line.
Even with only potential field extrapolation, we could see that
the fan-shaped magnetic topology may have played a role in
forming a distinctively shaped QCSR.
The PFSS model also shows a small magnetic arcade be-
low the fan-shaped structure that connects opposite polarities
of the δ-spot. This arcade was reconstructed as a twisted flux
rope structure in the NLFFF model (lower-right panel), whose
twist direction and the overall shape are consistent with the
observed sigmoid. As shown in the figure, the low lying,
highly sheared magnetic field structure is nearly parallel to
the polarity inversion line of the δ-spot, and is enveloped by
highly extended magnetic field lines that correspond to the
fan-shaped structure of the PFSS model.
3.3. Overall flare activities
According to the GOES X-ray flux plot (Figure 3), two
M-class flares successively occurred on 2015 June 21 with
a 54-minute time interval. Flare II started before the inten-
sity of Flare I dropped to its pre-flare value, and its decay
phase lasted for over two hours, making it a long duration
event. In the RHESSI plot, despite the data gap during Flare
I due to the satellite night time, one can detect multiple en-
ergy release events in both thermal (blue) and non-thermal
(green and cyan) components during the pre-flare phase. Sim-
ilar multiple non-thermal peaks were also detected at the early
phase of Flare II, which may be indicative of pre-flare activi-
ties in which multiple magnetic reconnections such as tether-
cutting are likely to be involved (Yurchyshyn et al. 2015; Ku-
mar et al. 2017b).
Overall EUV evolution of the successive flares is presented
in Figure 4. Sequential AIA 193 A˚ images cover about three
hours including the onset and the peak times of each flare as
well as the decay phase of Flare II. The main brightening in
both flares appeared at the sigmoid structure (01:39:01 UT,
02:34:01 UT), while the bright postflare loops in case of Flare
II were more extended toward N2 (02:34:01 UT). This indi-
cates that the sigmoid is the region where the flare magnetic
reconnection takes place, and magnetic field involved in Flare
II is of a larger scale than that involved in Flare I. Separation
of the two-ribbons observed in AIA 1600A˚ (Figure 3, bot-
tom panel) also supports this interpretation. The color shaded
area represents the ribbon area at each time interval, with the
blue shade showing ribbons at earlier times and the red at later
times. In addition to the typical ribbon separation, there is an
interesting behavior such as sudden appearance of a third flare
kernel near N2 at 02:19 UT close to the beginning of Flare II.
This fact indicates that the magnetic field connecting N2 and
P1 that is a part of the fan-shaped structure, went through re-
connection during Flare II as well, in addition to the magnetic
field connecting N1 and P1, that is a part of the sigmoid.
During Flare I, we detected expanding bright flare loops in
both northern and southern part of the sigmoid in AIA 193 A˚
images (green arrows in 01:39:01 UT panel of Figure 4). The
projected speed of this expansion estimated along the artifi-
cial slit shown in Figure 4 was found to be 170 km s−1 until
∼ 02:07 UT and then it suddenly increased to 267 km s−1
just after Flare II onset (Figure 5). Simultaneously with this
acceleration, another track of loop expansion indicated by
the red dashed line was initiated with the projected speed
of 310 km s−1. Based on the abrupt change of the expan-
sion speed near the start of Flare II and the following ex-
pansion with the higher speed, it seems that either weaken-
ing or removal of the fan-shaped field envelope may have
occurred with Flare II initiation. The AIA 193 A˚ image
at 02:34:01 UT (Figure 4) shows that loops in the northern
part of the sigmoid are now more straightened and similar
to the open field, indicating that loops have significantly ex-
panded. In addition, two well defined dimmings developed
at both endpoints of the sigmoid, suggesting density deple-
tions due to mass loss in the regions. Dimmings are consid-
ered to be an evidence of a CME eruption, and indeed, a halo
CME was detected by the LASCO/C2 coronagraph on June
21 at 02:36:05 UT (more details in Section 3.5). In addi-
tion to the two main dimmings, intensity in the region swept
by an additional ribbon brightening (inside a narrow ellipse)
has also notably decreased to form an arc-shaped dimming
(02:34:01 UT, 03:14:01 UT), which even slightly increased
as Flare II evolved (04:14:25 UT), while the area of the main
dimming decreased.
A sequence of AIA 304 A˚ images in Figure 6 show sim-
ilar flare development, along with an additional insight into
the flare ribbon structure. Although the two-ribbon structure
is not well distinguished here due to the overall brightness of
the flare, sharp edges of the bright post-eruption arcade (PEA)
highlighted by green lines (01:56:49 UT, 02:59:49 UT) gives
us a hint of ribbon location. Those edges show separation and
were connected by the PEA as typical flare ribbons do. In
addition to the two regular ribbons, a secondary ribbon can
also be well detected in the data, for instance at 02:59:49 UT
and 03:59:49 UT. This ribbon had a quasi-circular shape, but
it did not fully enclose the southern part of the AR, and it was
strikingly large in size spanning nearly 650′′ in north-south
direction and 550′′ in east-west direction. The secondary rib-
bon structure was less bright than the regular ribbons and was
not connected by any PEA. These characteristics are similar
to those reported by Zhang et al. (2014), except the ribbon
life time was much longer in our case. This QCSR first ap-
peared at the late phase of Flare I (01:56:49 UT) north of the
flaring sigmoid, then it sequentially brightened and extended
4encircling the flaring AR in the clockwise direction as Flare II
evolved. Southern part of the QCSR was observed even after
04:00 UT.
3.4. Quasi-circular secondary ribbon
In order to understand dynamical properties of the observed
QCSR, we measured the temporal change of the ribbon inten-
sity both along and across the ribbon. We first defined the
spine of the curved ribbon by manually choosing 26 points
along the bright ribbon edge at the time of its best visibil-
ity. Then we defined 26 circles with a radius of 27′′ centered
at each point as plotted in the first panel of Figure 6. Light
curves of the total intensity measured within each circle are
presented in the left panel of Figure 7 with the same color-
coding we used to plot the circles in Figure 6. The peak time
of each light curve is indicated by filled circles of the same
color as the associated light curve. There is a tendency that
the part of the QCSR closer to the flare site earlier in time.
Also, the shape of each light curve varies as the sampling lo-
cation moves farther away from the flaring AR in the clock-
wise direction. For instance, the red color light curve group
representing the part of the QCSR closer to the flaring AR
shows an impulsive rise of intensity during about ten minutes
and then the intensity falls off for about 30 minutes, while the
light curves in the blue color group measured farther from the
flare show a long-duration-like pattern.
The apparent speed of the subsequent brightening along the
QCSR was estimated by obtaining a space-time (x-t) diagram
from the curved slit along the QCSR spine. We defined a
curved slit by interpolating the circle center points, and then
set the width of the slit to be 60′′ wide enough to account for
expansion of the QCSR normal to the spine. The total ribbon
intensity within the width of the slit was measured in time and
the resulting x-t diagram is displayed in the two right panels
of Figure 7. The slit length increases clockwise starting from
the center of the first dark red circle closest to the flaring AR.
The middle panel is a normal x-t diagram, while the intensity
peak time at each pixel along the slit is plotted by the black
closed circles in the right panel. We performed linear fit to the
intensity peak curve and estimated the apparent speed of the
subsequent brightening along the QCSR to be 160.7 km s−1.
This value only slightly exceeds the 140 km s−1 value derived
by Zhang et al. (2014) from AIA 304 A˚ data.
We already mentioned that the observed QCSR not only
showed subsequent brightenings along the ribbon spine but
also normal to the spine, in other words, radial contraction or
expansion of the QCSR. We constructed x-t diagrams along a
number of slits normal to the ribbon spine shown in the last
image of Figure 6. The left panel of Figure 8 shows five x-
t diagrams obtained from the short slits numbered from 1 to
5 in Figure 6, and the right panel shows a x-t diagram along
the longest slit. The distance in each x-t diagram increases
in the direction away from the center of the QCSR. The five
arbitrary slit positions were chosen to highlight various be-
havior of radial expansion. Both speed and duration of the
ribbon expansion vary depending on the position along the
circular ribbon. At slit position 2, the bright part of the rib-
bon expanded by approximately 40′′ in 30 min yielding the
apparent speed of 13.6 km s−1, while no expansion was de-
tected at slit 3 and a contraction was detected at slit 1. Clear
ribbon expansion was detected mostly in the southern part of
the ribbon, and only a small fraction of the north part of the
ribbon close to the flaring AR showed contraction. Such con-
tracting or expanding motions of a QCSR has not yet been
reported. Zhang et al. (2014) reported migration of the mag-
netic field normal to the ribbon axis, and in that case the de-
rived speed was much lower (∼0.4 km s−1) than the speeds of
ribbon contraction/expansion found here. Moreover, a weak
dimming following the contraction of the bright ribbon edge
was detected in the x-t diagram at slit 1. This is the location
where an arc-shaped dimming was observed (see Figure 4).
This observation implies the ribbon contraction at slit 1 may
be related to field opening followed by plasma ejection.
The right panel of Figure 8 shows an x-t diagram along the
long slit shown in Figure 6. As we mentioned above, we
observed two types of coronal dimmings in AIA 171 A˚ and
AIA 304A˚ images formed just after Flare II : the main dou-
ble dimmings near the footpoints of the sigmoid and an arc-
shaped narrow dimming just outside the northern bright edge
of the QCSR. To examine their temporal variations, we posi-
tioned the long slit cross the southern main dimming. The
dimming onset was preceded by an intense brightening at
around 02:02 UT, which is near the start time of Flare II. The
dimming then rapidly reached its maximum size at around
02:35 UT, which is near the peak time of Flare II. These data
strongly supports our conjecture that the main plasma ejection
(halo CME) was initiated in relation to Flare II. The main dim-
ming showed a relatively quick recovery between 02:35 UT
and 03:40 UT, followed by a gradual recovery until around
05:00 UT. It is worth pointing out that the recovery time of
2.3 hours is much shorter than the mean recovery time of 6
hours that was previously reported in a statistical study by
Krista & Reinard (2017).
The boxes in the upper-middle panel of Figure 6 enclose
two different parts of the QCSR that showed either contrac-
tion (top box) or expansion (bottom box). The time evolu-
tion of the northern part of the QCSR is shown in Figure 9.
Among the three selected channels, the bright ribbon is best
visible in the AIA 304 A˚ images, while the coronal loops and
dimmings are well detected in the 193 A˚ images. The ear-
liest AIA 193 A˚ image was taken before the onset of Flare
II and shows long and arch shaped AR coronal loops and
short, and bright patches that seem to be footpoints of qui-
etsun region loops. These short patches are best distinguished
in AIA 171 A˚ images. At the time of QCSR appearance
(02:18 UT), a thin and bright ribbon structure (which was
identified as the same QCSR) appears in AIA 304 A˚ im-
age (between two white arrows). A similar structure is also
visible in other AIA channels. This is the time when the
main dimming begins to form (vertical ellipse). In the sub-
sequent images, the bright ribbon continuously shifted south-
ward (AIA 304 A˚ ), leaving its previous location dimmed
(AIA 193 A˚,, inclined ellipse). Note that the arc-shaped dim-
ming following the ribbon contraction is not localized at the
sigmoid footpoint, but is extended along the outer boundary
of the northern QCSR.
Figure 10 shows the southern part of the QCSR. The bright
ribbon in this region first appeared at around 3:00 UT, and
then it expanded southward. Before the QCSR appearance
and they become sharp and well defined, structures in the
AIA 171 A˚ image at 01:29 UT were seen smudged and dif-
fused. This may be another signature of plasma ejection.
While both main and arc-shaped dimmings are limited to cer-
tain areas, the contrast enhancement was observed over a large
area within the QCSR region suggesting that plasma ejection
occurs not only within the footpoints of the sigmoid but over
5a larger area occupied by the fields involved in a flare. An-
other finding is the finger-tip shaped fine structures, which are
persistent and retain both their shape and the initial locations
as the QCSR expands farther southward (pointed by three ar-
rows). Each finger-tip structure was oriented normal to the
outer edge of the ribbon, and their length increased as the rib-
bon expanded. The distance between finger-tip structures is
estimated to be around 6′′ , and their cross section is of order
of 1′′ – 2′′ .
3.5. Halo CME associated with flares
A halo CME was detected by the LASCO/C2 coronagraph
on June 21 at 02:36:05 UT. Figure 11 shows a series of base
difference images calculated using the 02:24:05 UT image
as a base (not shown in the figure), with the location of the
source AR marked by a cross. A classical three-part structure
is distinctive in this halo CME: a bright front pointed by a red
diamond, an inner bright core (blue diamond), and a dark cav-
ity between them. From the 03:24:05 UT image, yet another
core structure can be seen at the position angle of ∼ 160◦.
Such a double-core structure may be due to the projection ef-
fect. It is interesting, however, that the position angle of each
core is consistent with the expansion direction of the coro-
nal loops that we detected in the AIA 193 A˚ data for Flare I.
Also, recall that the main dimmings that appeared after Flare
II were located north and south of the flaring AR. We calcu-
lated a height-time diagram for both the outer bright front and
the inner core, and extrapolated it back to estimate the CME
apparent onset time at the solar limb. If we assume that the
CME bright front is associated with the dense coronal plasma
shell and the core is associated with the prominence or flux
rope material ejected with the CME (Riley et al. 2008; Wu et
al. 1999), any onset time for the inner core earlier than onset
time for the outer front appears contradictory at first. How-
ever, the x-t diagram in Figure 5 shows that the second ejecta
that started after Flare II is faster than the first ejecta, and is
likely to overtake the first one in the low corona as it propa-
gates. It can be suggested that in addition to the two-step flare
and field opening, the ejection was a two-step process as well
with the faster ejecta following in the wake of the first slower
eruption. The bottom panel in Figure 11 shows that the pro-
jected propagation speed of the inner core (738 km s−1) is
lower than that of the outer bright front (943 km s−1), and
thus its apparent onset time at the limb was a few minute ear-
lier than that of the outer front. Even if we assume a linear
CME propagation speed, the real onset time may be earlier
than the estimate since the AR location was near the disk cen-
ter (-220′′, 158′′). The earlier core onset may be due to the
coronal loop expansion that was initiated in Flare I, while the
later onset time of the bright front can be associated with the
main plasma eruption during Flare II.
Figure 12 shows AIA 193 A˚ and AIA 131 A˚ running dif-
ference images where the loops of interest, pointed by short
green arrows, are seen slowly expanding (left panels), but
they did not fully erupt during Flare I (before 02:06:00 UT).
Some loops show contraction (pointed by long green arrow at
01:53:25 UT, upper panel) indicating that this first eruption
was not successful probably due to the overlying fan-shaped
structure. Also in the southern part of the AR, the expanding
loops experienced continuous interactions with the surround-
ing loops making them disturbed (middle panels). Neither
field opening nor strong outflows were detected in the south-
ern part at this time. On the other hand, the upper-right panel
(02:15:25 UT) shows a partially circular bright-dark distur-
bance in the southern part just after Flare II. Although the
signal is not that strong, such a structure is similar to the EUV
wave indicative of a CME eruption. In the northern part the
expanding loops accelerated and were followed by a signif-
icant plasma outflow. Moreover, a quiescent filament in the
north-west of the flaring region at (200′′, 410′′) showed trans-
verse oscillations a few minutes after Flare II (yellow arrow).
At the same time, a lateral displacement of open field lines
was also detected (short red curve). This sequence of events
strongly suggest that the main eruption of coronal magnetic
fields occurred in association with Flare II, which can only be
possible only if the overlying fan-shaped field is opened.
3.6. Radio bursts associated with flares
To investigate signatures of particle acceleration during
both flares, we analysed radio data obtained from Nobeyama
Radioheliograph (NoRH; Nakajima et al. 1994), Nobeyama
Radio Polarimeters (NoRP; Nakajima et al. 1985), and Lear-
month solar observatory of Radio Solar Telescope Network
(RSTN).
Figure 13(a-c) displays 1 sec cadence radio flux density
profile (in sfu) in 410, 610, and 15400 MHz during 01:18-
04:30 UT observed at the Learmonth radio station. The deci-
metric emission is assumed to be tracing nonthermal electrons
accelerated from the current-sheet during a magnetic recon-
nection process (e.g., Benz et al. 2011; Kumar et al. 2017a).
The emission mechanism is plasma emission, where the ra-
dio source height (in corona) depends on the plasma density.
Interestingly, the decimetric bursts (410 and 610 MHz) re-
veal a weak emission during the Flare I (01:36 UT), but much
stronger quasi-periodic emission (until 03:00 UT) during the
Flare II. However, the weak decimetric emission persists until
almost 04:00 UT.
The microwave emission is a type of the gyrosynchrotron
emission (Dulk 1985). Figure 13(d) shows 9.4 and 17 GHz
flux profiles from NoRP. During Flare I, we noticed an im-
pulsive microwave burst (9.4, 15.4, 17 GHz) at ∼01:36 UT.
However, only a weak gradual microwave emission was de-
tected during the second flare (02:00-3:30 UT).
To determine the location of the microwave emission, we
overlaid the NoRH 17 GHz brightness temperature (TB) con-
tours over the co-temporal AIA 131 A˚ images (Figure 13(e-
g)). We observed AIA 131 A˚ brightening of the sheared ar-
cade in the core of the AR at 01:30 UT. And the small bump
in the microwave flux profiles at 01:30 UT and the 17 GHz
source seems to originate from the sheared arcade. The strong
microwave emission at 01:36 UT (Figure 13(f)) originated
along with the appearance of the AIA 131 A˚ bright loops
(marked by arrow) from the same place along with a forma-
tion of a weak source (3% of the peak TB) near the opposite
footpoint of the loop. This source becoame more prominent
at 02:30 UT during Flare II (Figure 13(g)). The appearance
of the southern hot loops (at 01:36 UT) indicates the ongoing
magnetic reconnection in the core as well as trapping of en-
ergetic electrons in the strong core field region (i.e., confined
flare).
The strong quasi-periodic decimetric emission during the
second flare indicates repetitive acceleration of nonthermal
electrons (outwards) in the corona and is a clear evidence of
magnetic reconnection that persisted until ∼04:00 UT.
The RHESSI X-ray flux profiles also revealed the quasi-
periodic emission in 6-12 keV (thermal) and 25-50 keV (non-
6thermal) emission during Flare I (i.e., 00:50-01:30 UT), and
flare II (02:10-02:30 UT), which suggests that the repeated in-
ternal tether-cutting reconnection started at ∼00:50 UT dur-
ing Flare I and continued until ∼01:36 UT. The internal
tether-cutting reconnection among the sheared arcade possi-
bly produced the erupting structure that was detected only in
the AIA 131 A˚ channel. The hot flux ropes are generally pro-
duced by the reconnection of the sheared arcades and have
been detected previously in the AIA 131 A˚ channel (Kumar
& Cho 2014; Yurchyshyn et al. 2015).
4. SUMMARY AND DISCUSSIONS
Using the SDO/AIA 304 A˚ data, we studied the forma-
tion of a strikingly large secondary flare ribbon associated
with two successive flares that occurred within an one-hour
time interval. We found the following: 1) the observed sec-
ondary flare ribbon was quasi-circular and it partly encircled
the AR and the associated quiet Sun; 2) it spanned 500′′ in
the east-west direction and 650′′ in the north-south direction;
3) the ribbon exhibited subsequent brightenings propagating
in the clockwise direction with the estimated speed at about
160 km s−1 and unusual radial contraction in the northern
part; and 4) radial ribbon expansion in its southern part pro-
ceeded at the rates of 2.6 km s−1 to 13.6 km s−1.
In addition to the dynamical properties of the QCSR, vari-
ous phenomena related to the eruption process were also well
observed during the entire event, such as: 1) the distance be-
tween two ribbons abruptly increased from 60′′ to 140′′ at
the Flare II onset; 2) the coronal loop expansion initiated with
Flare I and accelerated after Flare II; 3) the main dimmings
developed near both the north and south footpoints of the AR
sigmoid; 4) the arc-shaped dimming appeared at the outer
edge of the QCSR brightening; and 5) the CME inner core
moving faster than the CME outer front.
Our observations indicate that the secondary ribbon is not
very much different from a normal flare ribbon in the way that
they both are the result of magnetic reconnection. The appar-
ent differences in their shape and size can be attributed to the
different underlying magnetic configurations. The magnetic
field extrapolation revealed that the quasi-circular shape of the
ribbon is due to the magnetic field topology that includes fan
shaped elements, especially in the northern part of the ribbon.
The subsequent brightening propagating in the clockwise di-
rection may be explained in the same way as in the case of the
circular ribbon with an asymmetric fan field (Masson et al.
2009). However, the time interval between the onset of Flare
II and the brightening at each ribbon location is too large to
be explained in terms of the electron precipitations from a 3-D
null point. Using the null point location calculated from the
PFSS model, we estimated the travel speed by taking the ratio
between the distance from the null point to the QCSR bright-
ening and the elapsed time from Flare II. The estimated speed
was about 2400 km s−1 in the northern part of the QCSR, and
it is even lower in the southern part, which are one or two
orders of magnitude lower than those required by the elec-
tron precipitation hypothesis. We therefore suggest that the
clockwise subsequent brightening can be interpreted in terms
of the slipping reconnection between the expanding sigmoid
field and the overlying fan-shaped field. Note that the slip-
ping reconnection between erupting and overlying structure
will lead to quasi-periodic acceleration of nonthermal elec-
trons, which is seen in the decimetric radio emission.
The two main dimmings formed in the northern and souther
parts of the AR are also the evidence of reconfiguration of the
magnetic field associated with the large-scale magnetic recon-
nection between the expanding structures and the overlying
fields. A similar dimming associated with reconnection of
a sigmoid with the overlying transequatorial loops has been
previously reported by Manoharan et al. (1996). However,
they did not detect a QCSR or fan-shaped loops. In addition
to the main dimmings, another arc-shaped dimming was de-
tected just outside of the QCSR’s bright edge which further
supports the idea of the reconnection between erupting struc-
tures and overlying fields. Mandrini et al. (2007) suggested
that additional dimmings may occur along the footpoints of
an overlying field when a flux rope is erupting and interacting
with this overlying field. Their detected dimming was located
all around an AR rather than concentrated at the footpoints of
a sigmoid. The arc-shaped dimming in the present work is
consistent with their scenario.
While the northern ribbon brightening may be explained by
the slipping reconnection under the partial fan-shaped field
structure, a different mechanism seems to play a role in the
southern part of the QCSR. The magnetic field connecting this
part to the AR is no longer fan-shaped, but it is arcade-shaped
as was confirmed from the field extrapolation. In addition, the
ribbon expansion and the subsequent brightenings normal to
the ribbon spine were not expected in the fan-spine reconnec-
tion model. The characteristics of the south part of the QCSR
are more similar to those of parallel ribbons rather than cir-
cular ones. Although the exact mechanism for this part is un-
clear, it seems that the interaction between the expanding sig-
moid ambient fields and the arcade field of the QCSR’s south
part may have played a role. We detected a clear eruption of
a hot structure in the AIA 131A˚ channel, along the south-east
direction, associated with the formation of the QCSR. A sec-
ondary reconnection at QSLs driven by either waves (Ramsey
& Smith 1966; Zhang et al. 2014) or interaction of magnetic
fields (To¨ro¨k et al. 2011; Liu et al. 2015; Schrijver & Title
2011; Lee et al. 2016) is often considered to be the mechanism
for consecutive reconnections. The radial outward expansion
of the QCSR brightening in combination with the apparent
quick recovery may be a similar behavior of the typical sepa-
ration of parallel ribbons.
The scale of the observed QCSR is the largest ever detected.
Normally, circular ribbons have been observed in relatively
small ARs with the parasitic polarity surrounded by opposite
polarity fields. Then how such a large ribbon with a well-
defined quasi-circular shape could be formed? The magnetic
field distribution can provide an answer. In our case, a unipo-
lar spot, N2, was located between the negative polarity, N1, of
the eastern bipolar spots and the positive polarity of the west-
ern ambient field. Such distribution was favorable for a fan
shaped magnetic configuration that was a part of large-scale
pseudo streamer.
Morphological changes of the ribbon provide important in-
formation on the eruption process. Recent statistical study of
flare ribbons by Toriumi et al. (2017) demonstrated that com-
pared to confined flares, the eruptive flares showed a larger
ratio of the ribbon area to AR area. According to the authors,
this ratio reflects the relative scale of the magnetic field in-
volved in reconnection compared to the ambient field that is
an obstacle for fast and powerful eruption. The sudden in-
crease of the distance between parallel flare ribbons just after
Flare II is thus consistent with their finding. The QCSR dis-
cussed here was not taken into account in their analysis even
7though the same AR was included in their survey. Taking into
account this large-scale secondary ribbon will increase the re-
sulting ratio even more thus reinforcing our suggestion that
the CME was initiated during Flare II.
In addition, the main factor that determines the size of a
flare ribbon is the scale of the magnetic field involved in flare
reconnection. Our study on the QCSR that has developed be-
tween an AR and the background magnetic field suggests that
the interaction between the AR and the ambient fields should
be considered in the understanding of the eruption process. In
majority of previously reported eruptions, not much attention
was paid to the role of ambient fields, especially in case of sin-
gle eruptions. On the other hand consecutive eruptions either
in a single AR or in different regions, (commonly called sym-
pathetic eruptions) reveal global connection of the magnetic
field and give us an important clue to the eruption process
(Schrijver & Title 2011). The details of how one eruption can
trigger another one at a significant distance are well demon-
strated in the MHD simulations by To¨ro¨k et al. (2011). By
adopting a similar mechanism, it can be explained how the
development of the observed QCSR during Flare II may have
been initiated by Flare I sigmoid eruption.
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Figure 1. Top: SDO/HMI magnetogram (left) and intensity map (right) of active region NOAA 12371 taken at 00:59:15 UT on 2015 June 21. Bottom: AIA 193A˚
(left) image and the Hinode/XRT (right) coronal images of the region outlined by the black box in upper panels. The magnetic field contours are plotted at level
of ±1000 G with red (yellow) and blue (cyan) colors, respectively.
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Figure 2. Coronal magnetic field extrapolation results for NOAA AR 12371. Some selected magnetic field lines from PFSS model are overplotted on the
photospheric magnetogram (upper-left, lower-left) and AIA 304A˚ data (upper-right). Closed field lines are colored in white and open field lines are colored in
green. Null points calculated from the PFSS magnetic field are presented by red dots (lower-left). Magnetic field lines obtained from NLFFF model within the
FOV represented by a yellow box in the upper-left panel are displayed in the lower-right panel with the photospheric magnetogram. Height scale along the field
lines represented by different colors are specified as a color bar.
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Figure 3. Top : GOES X-ray flux (upper black curves) and RHESSI count rate (lower colored curves) during the observed period. Peak times of the two M-class
flares, M2.0 at 01:42:00UT and M2.6 at 02:34:00 UT, are indicated with dashed lines. Two shaded time regions show the night time of RHESSI satellite. Bottom
: Temporal changes of the main parallel ribbon defined using AIA 1600A˚ data.
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Figure 4. AIA 193 A˚ images showing the temporal variation of coronal structures during Flare I and II. Expanding coronal loops initiated at Flare I are indicated
by green arrows, and locations of both main dimmings and arc-shaped dimming are presented by white circles and ellipse, respectively.
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Figure 5. Space-time diagram obtained along a slit shown in Figure 4. Two tracks of expanding coronal loops in the northern part of the AR are distinguished.
One track started at the time of Flare I with the projected speed of 107.0 km s−1 (green) then accelerated to 266.7 km s−1 after Flare II (blue). The other track
of ejecta with the speed of 309.7 km s−1 (red) started at the onset time of Flare II. A concave-up shaped track indicated by an yellow arrow is also detected
indicating some loops contracted after a short expansion.
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Figure 6. AIA 304 A˚ images showing the temporal development of the QCSR (indicated by series of colored circles) during Flare I and II. The FOV is the same
as that of Figure 4. Centers of colored circles are manually defined along the ribbon spine at its best visibility, and a diameter of each circle is 60′′ . Cyan lines
outline the locations of two parallel flare ribbons, and white lines are representing artificial slits along which space-time diagrams shown in Figure 8 are obtained.
White boxes represent regions where fine structures of the QCSR will be studied.
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Figure 7. Left: light curves of the QCSR measured within each circles shown in Figure 6. Peak time of each light curve is indicated by a closed circle with the
same color-code. Middle: space-time diagram obtained from the curved slit running along the QCSR spine. Intensity peak time at each pixel along the slit was
calculated and overplotted with green color. Right: The same intensity-peak-time plot shown in the middle panel. The result of a linear fit to the intensity peak
times to estimate the apparent speed of the subsequent ribbon brightening along the QCSR, 161 km s−1, is presented by a red line.
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Figure 8. Space-time (x-t) diagrams obtained along the short slits numbered from 1 to 5 shown in Figire 6 (left) and along the longest slit (right). The distance
in each x-t diagram increases in the direction away from the center of the QCSR. The estimated speed of ribbon expansion or contraction along the slit direction
is presented with the resulting linear fit (white line).
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Figure 9. AIA image sequence within the northern white box shown in Figure 6 at different time instances. The spatial range swept by the QCSR brightening is
outlined by two white arrows, and locations of main and arc-shaped dimmings are presented by white ellipses.
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Figure 10. AIA images within the southern white box shown in Figure 6 at different time instances. Fine structures of the QCSR with a finger-tip shape are
pointed by white arrows.
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Figure 11. Top: LASCO/C2 base difference images (02:24:05 UT image is the base). White circle represents the solar limb and the white cross symbol marks
the location of NOAA AR 12371. Red and blue diamonds mark the outer and the inner edge of the CME at each time instance. Bottom: CME height profiles
measured along the trajectory of diamond symbols. The outer CME edge time profile is in red color and that of the inner CME edge is in blue. The apparent
CME onset time at the limb is estimated to be 02:17:30 UT for inner CME and 02:20:06 UT for the outer CME. The interaction of these two CMEs is estimated
to occur at the height of 0.77 R⊙ at 02:29:36 UT.
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Figure 12. Running difference images of AIA 193 A˚ (upper) and AIA 131 A˚ (lower) during Flare I and II. Expanding coronal loops are pointed by green (red)
arrows, and the disturbed neighboring loops in the southern region are pointed by a yellow arrow (upper). Expanded loops in the upper panel are outlined by red
curves.
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Figure 13. (a-c) Radio flux density (sfu) profiles in 410, 610, and 15400 MHz observed during both flares. (d) 9.4 and 17 GHz flux profiles from NoRP. (e-f)
NoRH 17 GHz brightness temperature (TB) contours overlaid on AIA 131 A˚ images. The contour levels are 20%, 40%, 60%, 80% of the peak TB . X and Y
axes are labeled in arcsecs.
